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DESCRIPTION 

POWER AMPLIFIER OUTPUT IMPEDANCE CONTROL 

This invention relates to power amplifiers, to transceivers, integrated 
circuits having the same, and to methods of controlling and methods of 
manufacturing the same. 

Power amplifiers are used in a number of applications where reflections 
are an issue. One example is in wireless communications. A typical 
transceiver used to transmit voice and data communications has a transmitter 
with a power amplifier to output voice and data signals via an antenna. To 
promote transmission efficiency, this power amplifier is typically optimized for 
the anticipated load. When the power amplifier is presented witha load that 
differs" from" the anFcTpateTload, a significant portion of the power output by ; 
the power amplifier is reflected back to the amplifier and is not transmitted. As - 
a result, the effective radiated power may be significantly reduced. In addition, 
the transmitted signal may be distorted, particularly as amplifier output power 
increases. 

Such wireless communication systems can include systems using 
frequency division multiple access (FDMA), time division multiple access 
(TDM A), and various spread spectrum techniques for example. One common 
spread spectrum technique used in wireless communications is code division 
multiple access (CDMA) signal modulation. GSM systems use a combination 
of TDMA and FDMA modulation techniques. Some example wireless 
communication devices that have incorporated wireless technology include 
cellular radiotelephones, -PCMCIA cards incorporated within portable 
computers, personal digital assistants (PDAs) equipped with wireless 
communication capabilities, and the like. 

To prevent adverse effects associated with load mismatches, some 
devices incorporate circulators or isolators that present a fixed load to the 
power amplifier. Circulators and isolators pass power in one direction, but not 
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in the reverse direction, and are therefore used to protect the output of 
equipment from reflected signals. Some other devices incorporate a balance 
amplifier to present a fixed load to the power amplifier. 

Power amplifiers are one of the most difficult parts of a transceiver to 
integrate, because of their large voltage swing as well as high output power. 
This can cause a significant amount of substrate noise, which can couple to 
other sections of the chip causing noise problems and instability such as 
pulling effects of a VCO (voltage controlled oscillator). For these reasons 
power amplifiers usually are implemented in a separate RF module. 
Furthermore the performance of a separate RF module becomes significantly 
sensitive to load impedance. Unfortunately, in most cases the load impedance 
shows some variation due to non-consistent PCB integration (or antenna 
integration to PCB) and human touch during phone conversation. This small 
power amplifier (PA) load impedance variation can result in significant 
radiation power deterioration, causing massive PA efficiency reduction. 

Impedance matching techniques for efficient and constant power (low 
loss) have been reported. Y, Sun and W. K. Lau, "Antenna impedance 
matching using genetic algorithms", National Conference on Antenna and 
Propagation, 30 March 1999, Conference Publication No. 461, I EE 1999 
shows a complex algorithm which is not suitable for rapid impedance 
variations as can occur with a mobile handset unit. M. Vai and S. Prasad, 
"Automatic impedance matching with a neural network", IEEE Microwave and 
Guided wave letters, Vol. 3, No. 10, Oct 1993 shows using a PIN diode to 
switch between two or three fixed impedance points. However, this PIN diode 
technique uses VSWR as switching criteria parameter, which fundamentally 
limits the accuracy of load impedance determination. Furthermore, the 
switching technique is not able to track continuous load impedance variation 
since it switches between just two or three fixed impedance conditions. 

It is known from US patent application 20030114182 A1 to cause the 
power output of a power amplifier associated with a wireless transmitter to be 
reduced in response to a load mismatch condition, to reduce distortion. This 
addresses the problem that "power amplifiers typically exhibit non-linear 
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characteristics with increased output power, causing signal distortion". The 
transmitter can be in for example, a cellular radiotelephone, a satellite 
radiotelephone, a PCMCIA card incorporated within a portable computer, a 
personal digital assistant (PDA) equipped with wireless communication 
capabilities, and the like. In some implementations, a dual-directional coupler 
separates a power signal into transmitted and reflected components, which 
are then detected, for example, using a broadband power detector. A load 
mismatch criterion relative to the wireless transmitter is evaluated by a 
microprocessor. To conserve power and reduce signal distortion, the power 
output of the amplifier is reduced if the load mismatch exceeds a threshold 
condition. In addition, if the mismatch exceeds a further prescribed threshold, 
the power amplifier may be shut off. A disadvantage of reacting by reducing 
the power is that the variation in power seen by the receiving side will be made 
worse. Also, the use of a microprocessor implies the author saw no need for a 
fast response to rapid changes in load impedance. 

Another power amplifier for mobile phones shown in US patent 
application 20020183021 uses a different approach. In this document it is 
acknowledged that changes to the load impedance are commonly caused by 
environmental factors. For example, if the load is an antenna of a transmitter 
for transmitting signals, the load impedance is dependent upon the 
environment surrounding the antenna. As an example, if a mobile phone is 
held in the hand, the impedance "felt" by the power amplifier may be different 
from the impedance felt by the power amplifier when the mobile phone is 
sitting on a table or in a car. Because the output power must be well 
controlled, it is desired to keep the output power constant, regardless of 
changes in the load impedance. The solution proposed involves the steps of 
. (1) comparing a measured signal to a reference signal, wherein the measured 
signal represents the sum of the amplitude of the output voltage of the power 
amplifier and a current flowing into the power amplifier from a power supply 
connected to the power amplifier and (2) controlling the power amplifier based 
on the result of the comparison between the measured signal and the 
reference signal. The circuit shown includes a current detector for measuring 
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the current flowing into the power amplifier from a power supply, an amplitude 

detector that measures the amplitude of the output voltage of the power 

amplifier, an adder for summing the output of the current detector and the 

amplitude detector, and a control circuit connected to a biasing pin of the 

power amplifier that compares the output of the adder to a reference signal 

and controls the power amplifier based on the result of the comparison 

between the reference signal and the output of the adder. The output of the 

adder changes as the impedance of the load on the power amplifier changes. 

Because the output of the control circuit is connected to the biasing 

input of the power amplifier, the output of the control circuit controls the 

current delivered by the power amplifier to the load, and, hence, controls the 

power delivered to the load. When the impedance of the load changes, the 

control circuit increases or decreases the current delivered to the load, 

depending on the change in the impedance of the load. 

There remains a need for improved handling of load impedance 
variation. 

It is an object of the invention to provide improved apparatus or 
methods. 

According to a first aspect of the invention, there is provided a power 
amplifier having an amplifier and a controller having means for detecting 
power reflected from a load on an output of the amplifier, and means for 
controlling an output power of the amplifier in response to the detected power 
reflected, to increase the output power to compensate for a drop in output 
power caused by changes in the power reflected, and to decrease the output 
power to compensate for an increase in output power caused by changes in 
the power reflected. 

This can provide advantages such as more efficient use of transmit 
power and more even power levels at receivers. It is based on an 
appreciation that detecting reflected power can be useful for much more than 
merely indicating that there is sufficient load mismatch to cause distortion. It 
can provide a better error signal for controlling output power to compensate for 
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load changes, even better in some ways than more direct methods such as 
using detected changes in output voltage or output power itself directly as an 
error signal. This outcome will now be explained further. A detected change 
in output power has ambiguity over whether it is caused by an increase or a 
decrease in load impedance or change in phase of the load impedance, or 
other cause of load mismatch, or by other causes. Also a change in output 
power can itself change amplifier output impedance and so change load 
mismatch. So it leaves uncertainty over the cause and thus what amount of 
correction is needed to return the output power to the desired level without 
damaging power oscillations. In contrast, detecting reflected power can enable 
the output power level to be compensated more accurately and more quickly, 
for changes in load mismatch, since it seems to provide a more accurate and 
reliable error signal. It can thus reduce power level changes seen at 
receivers. Such a reduction in turn can lead to higher quality connections or 
lower bit error rates, or lower power margins and thus lower average power 
levels for example. 

As an additional feature, the means for controlling comprises means for 
determining an integral over time of the detected reflected power, for use in 
the compensation. 

By using an integral, the amplifier can be controlled more effectively. 
This can be particularly effective where the output impedance of the power 
amplifier and thus the mismatch, varies in a complicated non linear 
relationship with the amplifier gain. The change of gain needed to reduce the 
reflection closer to zero and keep the power at the receiver constant is hard to 
determine accurately over a wide range. A linear feedback control without any 
integral component . would therefore be difficult to design to reduce the 
reflection to zero, or to do so quickly, without oscillation. The integral is not 
merely bringing a better transient response to step changes, it is also 
providing a way to reduce the steady state error closer to zero. Hence in 
environments with rapidly changing load impedances it can help restrict large 
voltage swings on the output of the amplifier for example. This can help 
reduce problems such as substrate noise coupling to other parts of the device 
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and hence make it easier to integrate more parts of the device. This can 
reduce manufacturing costs and/or improve the control of power level. Better 
control of power level has advantages for applications such as mobile phones 
or wireless connected computer devices in terms of longer battery life, more 
consistent connectivity during conversations and lower or fewer peaks in 
radiation levels for example. The integral is intended to encompass anything 
with an integral component, including for example passive or active low pass 
filter circuits and so on. 

As an additional feature, the means for determining an integral is 
implemented using analogue signal processing components. An advantage of 
an integral is that it can be implemented using relatively simple components 
without the need for complex calculations requiring digital processing and 
storage elements for example. As well as being simpler, such analogue 
components can often operate more quickly and thus provide better reaction 
to rapidly changing conditions. 

As another additional feature, the means for determining the integral is 
integrated on a substrate with the amplifier. The relative simplicity of 
determining an integral can make it much easier to integrate with the power 
handling components, and thereby reduce size and manufacturing costs. 
Notably, for RF power amplifiers in particular, the silicon or GaAs processes 
used for such high speed high power integrated circuits are difficult and costly 
to combine with digital processing and memory circuitry features. Hence there 
■is an advantage if simpler functions such as integrals can be used, which can 
be implemented without resorting to digital processing and memory elements. 
Other components of the amplifier can be integrated as well. 

As another additional feature, the means for determining an integral 
comprises means for determining a difference between a reflected signal and 
a reference, and determining an integral of this difference. This is one of the 
simpler and straightforward ways of producing a useful integral which can help 
produce a more stable control signal. 
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Another additional feature is a controllable reference generator 
arranged to output the reference, at a selectable value. This is useful to 
enable the power amplifier control to be varied according to the conditions. 

As another additional feature, the reference generator comprises 
means for adding an initial reference to a difference of the initial reference and 
the reflected signal to generate the reference. This is useful to enable the 
reference signal to be centred at zero to reduce the sensitivity to any integrator 
offset. 

As an additional feature, the control comprises gain control of the 
amplifier. 

Another aspect provides a power amplifier having an RF amplifier and a 
controller integrated on the same substrate as the RF amplifier and having 
means for determining an integral over time of a signal derived from an output 
of the amplifier, to represent a mismatch of a load on the output, the controller 
being arranged to use the integral to control the amplifier. 

The use of an integral can have corresponding advantages as set out 
above. This is intended to encompass signals derived from the output by 
detecting reflections or by tapping a small part of the outgoing power amplified 
signal from the amplifier or other ways of deriving a representation of the 
instantaneous mismatch. By enabling integration of the controller with the 
amplifier, a universal power amplifier module can be produced which can be 
compatible with a range of different baseband circuitry and matching network 
and antenna products. In particular, some of the performance advantages of 
a sophisticated power amplifier controller can be obtained without the costs of 
needing a separate control or logic chip. Such a separate control or logic chip 
' would probably need to be dedicated and proprietary rather than generic, and 
the flexibility of a universal power amplifier would be lost. 

Another aspect provides an integrated circuit having the power amplifier 
set out above. 

Another aspect provides a mobile battery powered device having a 
wireless transceiver, the transceiver having the power amplifier set out above. 
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Another aspect provides a method of controlling a power amplifier 
corresponding to the first aspect. 

Any of the additional features can be combined together or with any of 
the aspects of the invention, as would be apparent to those skilled in the art. 
Other advantages may be apparent to those skilled in the art, especially over 
other prior art not known to the inventors. 

Embodiments of the invention will now be described by way of example, 
and with reference to the accompanying drawings, in which: 

Figure 1 shows an arrangement without compensation, only power 
limiting, for comparative purposes; 

Figures 2 and 3 show graphs of characteristics of a circuit without 
compensation, for comparative purposes; 

Figure 4 shows an amplifier according to an embodiment; 

Figure 5 shows a mobile device having an amplifier according to 
another embodiment; and 

Figures 6 to 8 show graphs of characteristics of the embodiment of Fig 

5. 

Figure 1 shows a diagram of a known transmitter front-end system 
having a power amplifier output impedance control technique to track variable 
load impedance. The Figure shows an integrated amplifier 10, having an 
amplifier 15, and a coupler 20 for separating reflected signal components. A 
fixed matching network 30 is coupled in between the coupler 20 and an 
antenna 110. The fixed matching network 30 is designed to match the 
amplifier 15 output load impedance for maximum efficiency or maximum 
delivered power output. However, in practice an optimally designed fixed 
matching network 30 will not fully function as it is designed since load 
impedance is continually varying during its operation. It is also possible to 
have a slightly different load impedance between different devices owing to 
manufacturing variations such as those in the printed circuit board and power 
amplifier module as they are integrated during the manufacturing process. For 
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example, consider a fixed matching network 30 matching amplifier output 
impedance to the antenna 110. Assume that antenna impedance (Z ant ) varies 
every 4 microseconds as: 

5 - j*5 Q over 0 to 4us, 
1 0 - j*5 Q over 4 to 8us, 
15 - j*5 Q over 8 to 12us, 
15-j*15 Qover 12 to 16us, 
10 - j*10 Qover 16to30us 

Resulting from this, the overall load impedance, including the fixed matching 
network 30 impedance and variable antenna impedance becomes: 

35 + j*9.3 Q over 0 to 4us, 
32.45 - j*6.5 Q over 4 to 8us, 
29.7 + j*5.85 Q over 8 to 1 2us, 
42.25 + j*25.8 Q over 1 2 to 1 6us, 
51 .62 + j*0.5 Q over 16 to 30us 

The variation in overall load impedance is shown in Figure 2, with the phase 
and magnitude characteristics shown separately.ln Figure 1, the reflected 
signal from the coupler 20 is fed to a diode 80 for power to voltage conversion, 
and then to a processor 130 for calculation of a reflection ratio and thus an 
amount of mismatch. The gain of the amplifier 15 is reduced according to the 
amount of mismatch. The amplifier 15 is controlled by a control voltage 
representing the amount of mismatch, on a control line 150 from the processor 
130. 

A small load impedance variation will cause significant performance 
degradation in terms of transmitter efficiency loss, therefore shorten battery 
lifetime. As can be, seen from the two lines on the graph of Figure 2, the 
phase and magnitude of the impedance show different variations over time. 
Figure 3 is graph showing the amplifier 15 output power P ou t variation over 
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time (and consequently variation in radiation power) caused by load 
impedance changes such as those shown in Figure 2. For such load 
impedance variation, output power variation can become well above 1.3 dBm. 

Figure 4 shows an embodiment of the invention. The same reference 
numerals have been used to those of Figure 1 where appropriate. Notably the 
circuitry 170 is provided for producing an error signal from a reflection signal 
and representing a mismatch in the load. This circuitry 170 outputs a signal to 
a gain controller 120 to enable the amplifier 15 to be controlled in response to 
the reflected signal. The gain controller 120 sums the control signal from the 
circuitry 170 with a DC control voltage on an input 40 representing a target 
power level. Optionally the control can additionally operate on the basis of an 
outgoing signal from the amplifier output. The circuitry 170 can use 
conventional analogue signal processing components including an integrator. 
Suitable integrators can be built up using conventional circuit elements such 
as capacitors, resistors, op-amps and soon. Such circuitrycanenable a more 
integrated power amplifier on one substrate 190. In this case all the 
components other than the matching network 30 and the antenna 110 can be 
integrated on the same substrate. This enables a universal power amplifier 
module to be produced which is not dependent on a proprietary control chip. 
It can provide some of the benefits of more sophisticated amplifier control 
without the additional expense of a separate chip and without the difficulties of 
trying to integrate digital circuitry and memory elements on the same substrate " 
as high power RF amplification circuitry. Even the matching network 30 can 
be integrated if desired, depending on the application. 

In Figure 5 an embodiment is shown for use in a mobile device 200 and 
showing more details of an implementation of the circuitry 170. Again the 
same reference numerals to those of Figures 1 and 4 have been used as 
appropriate. The device 200 employs a coupler 20 as before to sense 
reflected power in case of load impedance variation. As reflected power is 
very weak, the coupler will be less than 10 dB. The reflected and coupled 
power will be sensed in the diode detector 80 which converts reflected power 
into a voltage signal. Reflected voltage signal R(t) is coupled to a subtractor 
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90 and an integrator 50, in this case a differential input integrator having two 
inputs. The reflected input voltage R(t) to the subtractor 90 can be regarded 
as a difference of a desired reference value and an error value which should 
be reduced to zero, in other words, R(t)=r 1 (t)-e 1 (t). R(t) can be subtracted 
from a first reference voltage n(t), resulting in a first error signal ei(t). The first 
error signal ei(t) is added by adder 100 to the first reference signal n(t) to 
generate a second reference signal r 2 (t), which will be used as another input 
for the integrator 50. The integrator 50 compares the reflected signal R(t) and 
the second reference signal r 2 (t), and will increase its output voltage, second 
error signal e 2 (t), when r 2 (t) > R(t), and decrease its output when r 2 (t)) < (R(t). 
Since the first error signal ei(t) becomes zero when the reflected voltage 
matches the reference generated by the reference generator, the second error 
signal e 2 (t) will be centred at zero. The second error signal e 2 (t) represents a 
true error signal caused by output load mismatch. Finally, e 2 (t) will be added 
to a conventional power amplifier gain control voltage Ci(t) on input 40 to form 
a control voltage control C 2 (t) which is applied to correct the gain of the 
amplifier 1 5 to compensate for the detected change in reflection. 

Figure 6 shows corresponding control signals generated through the', 
proposed technique for the same load variations as shown in Figures 2 and 3. 
Figure 6 shows the value of the conventional power amplifier gain control 
voltage d(t) which is a straight line, the power amplifier control voltage C 2 (t) 
output to the amplifier 15 by the gain controller 120, and the error signal e 2 (t) 
output by the integrator 50. Figures 7 and 8 show resulting power amplifier 
output efficiency and power respectively when the proposed technique is 
applied over the same time intervals shown in Figures 2, 3 and 6. In Figure 7, 
the y-axis represents percentage efficiency. There are peaks or troughs in the 
curve where the load impedance changes as shown in Figure 2. The control 
circuitry .170 reacts quickly to compensate for such changes. In Figure 8, the 
y-axis represents the power output in dBm. Again there are peaks or troughs 
in the curve where the load impedance changes. As shown, where the load 
impedance change causes a sudden increase in output power at the 4 usee 
instant, the compensating control acts to decrease the output power quickly 
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back to its previous value. A sudden decrease at the 8 usee instant caused by 
an increase in load impedance is met by a compensating increase in power 
output to return the output power quickly back to its previous value. The 
change at 12usec instant is compensated quickly but not fully back to the 
original value. It may be beyond the capability of the amplifier 15 to fully 
compensate across a wide range of load impedance changes., Nevertheless 
such partial compensation still improves the power regulation and reduces the 
power level changes, and so is intended to be encompassed by the claims. 

A similar result can be achieved in principle with a single input 
integrator, when first error signal e l{ /t) directly drives the integrator 50 as the 
reference signal (in this case the whole system becomes more sensitive to 
integrator off-set voltage). In principle, the integrator 50 can be replaced in 
some applications by a proportional or other type of controller to generate a 
suitable control signal to compensate for the detected changes in reflected 
power. 

The first reference signal n(t) from the reference generator 60 can be 
arranged to provide a fixed reference voltage, or a selectable reference 
voltage. The latter way can employ a look-up table for example, or use 
conventional analogue circuitry such as analogue reference generators and 
switches. The reference voltage value can be decided through measurement 
Thus, with a fixed matching network 30, the reference voltage r,(t) can be 
selected according to an expected or targeted load condition (either to aim for 
maximum efficiency or for maximum power condition for example) and the 
amount of reflected power can be measured. This measured voltage will be 
adopted as reference voltage h(t). For the selectable output look-up table 
measurements can be made for several different load conditions. During 
operation, a different value for reference r,(t) can be selected if the conditions 
change sufficiently. 

As has been described above, a power amplifier for mobile phones has 
an RF amplifier (15) controlled based on an integral over time of a signal 
representing an amount of power reflected from a load on an output of the 
amplifier. Using an integral, the control can be more effective where there are 
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changeable load impedances. It can restrict large voltage swings on the 
amplifier output As the integral can be determined using analogue signal 
processing components (50, 90, 100) it can be integrated more easily with RF 
and other components. The integral can be determined of a difference 
relative to a reference. The reflection signal can be centred on zero before 
integrating to reduce sensitivity to offset. The reference can be selectable to 
suit the conditions. 

In the present specification and claims the word "a" or "an" preceding 
an element does not exclude the presence of a plurality of such elements. 
Further, the word "comprising" does not exclude the presence of other 
elements or steps than those listed. 

The inclusion of reference signs in parentheses in the claims is 
intended to aid understanding and is not intended to be limiting. 

From reading the present disclosure, other modifications will be 
apparent to persons skilled in the art. Such modifications may involve other 
features which are already known in the art of power amplifier design and" 
which may be used instead of or in addition to features already described 
herein. 
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CLAIMS 

1. A power amplifier having an amplifier (15) and a controller 
(20,170) having means (20) for detecting power reflected from a load on an 
output of the amplifier, and means (170) for controlling an output power of the 
amplifier in response to the detected power reflected, to increase the output 
power to compensate for a drop in output power caused by changes in the 
power reflected, and to decrease the output power to compensate for an 
increase in output power caused by changes in the power reflected. 

2. The power amplifier of claim 1, the means (170) for controlling 
comprising means (50) for determining an integral over time of the detected 
reflected power, for use in the compensation. 

3. The power amplifier' of claim" 1 or 2, the" means" (50) for" 
determining the integral being implemented using analogue signal processing 
components. 

4. The power amplifier of any preceding claim, the means (50) for 
determining the integral being integrated on a substrate with the amplifier (15). 

5. The power amplifier of any preceding claim, being an RF power 
amplifier. 

6. The power amplifier of any preceding claim, the means (50) for 
determining an integral comprising means (60, 90, 100) for determining a 
difference between a reflected signal and a reference, and determining an 
integral of this difference. 

7. The power amplifier of claim 6, having a controllable reference 
generator (60) arranged to output the reference, at a selectable value. 
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8. The power amplifier of claim 7, the reference generator (60) 
comprising means (100) for adding an initial reference to a difference of the 
initial reference and the reflected signal to generate the reference. 

9. The power amplifier of any preceding claim, the control 
comprising gain control of the amplifier. 

10. An integrated circuit (190) having the power amplifier of any 
preceding claim, 

11. A power amplifier having an RF amplifier (15) and a controller 
(170) integrated on the same substrate as the RF amplifier and having means 
(50) for determining an integral over time of a signal representing a mismatch 
of a load on the output, the signal being derived from an output of the 
arnpIIfTer7 the" cbntrofleF beln^" aTran^d" to useTThcf integral to control the 
amplifier. 

12. The power amplifier of claim 11 having means (80) for deriving 
the signal representing the mismatch from an outgoing power amplified signal 
from the amplifier (15). 

13. The power amplifier of claim 12 having means (20) for deriving 
the signal representing the mismatch additionally from power reflected from a 
load on an output of the amplifier (15). 

14. A mobile battery powered device (200) having a wireless 
transceiver, the transceiver having the power amplifier of any of claims 1 to 9, 
1 1 to 13 or the integrated circuit of claim 10. 

15. A method of controlling a power amplifier having the steps of 
detecting a signal reflected from a load, determining an integral of the 
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reflected signal and controlling an output of the power amplifier according to 
the integral. 

16. A method of manufacturing the integrated circuit of claim 10, or 
the power amplifier of any of claims 11 to 13 having the steps of forming the 
amplifier (15), and the controller (170) having the means for determining the 
integral, on the same substrate. 

17. A power amplifier substantially as shown in Figures 4 and 5 and 
as described herein. 
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ABSTRACT 

POWER AMPLIFIER OUTPUT IMPEDANCE CONTROL 

A power amplifier for mobile phones has an RF amplifier (15) controlled 
based on an integral over time of a signal representing an amount of power 
reflected from a load on an output of the amplifier. Using an integral, the 
control can be more effective where there are changeable load impedances. It 
can restrict large voltage swings on the amplifier output. As the integral can be 
determined using analogue signal processing components (50, 90, 100) it can 
be integrated more easily with RF and other components. The integral can be 
determined of a difference relative to a reference. The reflection signal can be 
centred on zero before integrating to reduce sensitivity to offset. The reference 
can be selectable to suit the conditions. 

(Figure 5) 
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